Horizontal wind at 700 hPa over Sumatra (0°N, 100°E ) analyzed by National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis was compared with wind observed by a VHF wind-profiling Doppler radar at Kototabang (0.20°S, 100.32°E) during 2001 2007. Radiosonde wind data at Padang (0.88°S, 100.35°E) were reported through Global Telecommunication System (GTS) for assimilation into NCEP/NCAR reanalysis. To examine if radiosonde observations at Padang improve wind quality of NCEP/NCAR reanalysis over Sumatra, dataset of radar wind, which was compared with NCEP/ NCAR reanalysis, was divided into the group when radiosonde observations were reported though GTS (Group A) and when they were not reported (Group B). For each group, correlation coefficient and regression line were computed. In Group A, both zonal and meridional winds showed better correlation coefficients (0.90 and 0.77) than in Group B (0.79 and 0.63). Amplitude of NCEP/NCAR-reanalysis zonal and meridional winds showed a better agreement in Group A (82 and 96% of radar wind) than in Group B (66 and 80% of radar wind). These results suggest that wind observations in the Indonesian Maritime Continent contribute to improve wind quality of NCEP/NCAR reanalysis there.
Introduction
The Indonesian Maritime Continent (hereafter IMC) is one of the regions where deep cumulus convection occurs most frequently (e.g., Yamanaka et al. 2008 ). Because cumulus activities over the Indian Ocean, IMC, and the western Pacific are modulated by synoptic-scale disturbances such as intra-seasonal variation (ISV; see Zhang 2005) , many studies investigated synoptic-scale wind disturbances over them using global objective reanalyses (e.g., Matthews 2000) . Previous studies have shown that assimilating observed winds to objective reanalysis contributes to improve wind quality of objective reanalysis in the tropical region. Using a windprofiling Doppler radar at Christmas Island in the central Pacific (2°N, 157°W), Gage et al. (1988) showed that monthly-mean standard deviation (bias) between observed and reanalysis winds reduced from 3 5 m s 1 (1 3 m s 1 ) to 1 2 m s 1 (less than 0.5 m s 1 ) by assimilating observed winds into objective analyses. Using radar wind data observed at 4 tropical stations, Schafer et al. (2003) showed that agreement between NCEP/NCARreanalysis and radar winds was closest at the station where radar wind data were assimilated in NCEP/ NCAR reanalysis (Christmas Island) compared with other 3 stations where radar wind data were not assimilated. The poorest agreement occurred at Piura, which is farthest from the operational radiosonde site (1234 km). Over IMC, upper-air observations assimilated into objective reanalysis are sparse. Though IMC has longitudinal extension of~4000 km, only 12 radiosonde observation sites exist over Indonesia (Yamanaka et al. 2008; Okamoto et al. 2003) . Further, observations were not always carried out (later explained in Table 1 ). Therefore quality of wind in objective reanalysis over IMC needs to be examined by observed data.
At Sumatra (around 0°N, 100°E), operational radiosonde and VHF wind-profiling Doppler radar observations are carried out at Padang (0.88°S, 100.35°E, 3 m above sea level) and Kototabang (0.20°S, 100.32°E, 865 m above sea level), respectively. Only radiosonde data are reported through GTS for assimilation into objective reanalyses. The VHF wind-profiling Doppler radar is operated even when radiosonde observations are not carried out. Therefore the presence of radiosonde and radar observations near 0°N, 100°E provides us the chance to evaluate reanalysis wind both when radiosonde data were reported through GTS and when they were not reported. Schafer et al. (2003) suggested that local-scale wind can cause a discrepancy between observed and reanalysis winds. Because the distance between radar and radiosonde sites is not so close (~70 km), use of radar wind makes it possible to examine if radiosonde wind reported through GTS represents synoptic-scale wind. Gage et al. (1988) and Schafer et al. (2003) used radar wind observed at Christmas Island to show improvement of reanalysis wind by assimilating radar wind data. However, because radar wind observed at Christmas Island was used for assimilation into objective reanalyses, it is expected that reanalysis wind shows good agreement with radar wind itself, though radar wind can contain local-scale variations. Therefore radar wind at Kototabang which is not assimilated into objective reanalysis provides us unique opportunity to evaluate the impact of observed-wind assimilation into objective reanalysis which has chances to be improved by radiosonde wind reported through GTS. Further, previous studies used only standard deviation and bias to evaluate differences between radar and reanalysis winds (Gage et al. 1988; Schafer et al. 2003 Nitta et al. (1992) reported that this topography prohibits smooth eastward propagation of synoptic-scale cumulus activity and lower-tropospheric westerly both of which are associated with ISV and form in the Indian Ocean. Wang and Rui (1990) showed that synoptic-scale cumulus activity which is associated with ISV and propagates eastward over the Indian Ocean frequently changes its direction of propagation around Sumatra (northeastward or southeastward). Therefore correctly knowing wind variations over Sumatra is also important to understand ISV behaviors. In this study, using observed horizontal winds during 2001 2007, it is examined if wind observations over Sumatra contribute to improve wind quality reproduced in NCEP/NCAR reanalysis.
Data and analysis method
Horizontal (zonal and meridional) wind analyzed in NCEP/NCAR reanalysis (hereafter analyzed wind) has time and horizontal resolutions of 6 hours and 2.5°× 2.5°, respectively. For details of NCEP/NCAR reanalysis, see Kalnay et al. (1996) . As a representative of lowertropospheric wind, wind at 700-hPa level was used. Horizontal wind data at the closest grid (0°N, 100°E) to radiosonde and radar sites were used for the analysis.
Radiosonde wind at Padang available from National Oceanic and Atmospheric Administration Earth System Research Laboratory (NOAA/ESRL) database was used. Number of radiosonde data reported through GTS during 2001 2007 is listed in Table 1. 1562 observations were reported, and number of radiosonde observations showed a significant increase after 2006. For winds observed during 2001 2005, only data observed at 00 Z were used because most of the observations at 12 Z were carried out by pilot balloons. For radiosonde winds observed during 2006 2007, data at both 00 Z and 12 Z were used. Okamoto et al. (2003) reported that radiosonde winds reported through GTS contain unrealistic winds, and unrealistic winds exceeding 50 m s 1 were also found in our dataset (not shown). Screening of radiosonde data was carried out by removing wind data where difference between radiosonde zonal (meridional) wind and analyzed zonal (meridional) wind exceeded 10 m s 1 . When zonal (meridional) wind difference exceeded 10 m s 1 , meridional (zonal) wind was also not used even when meridional (zonal) wind difference was less than 10 m s 1 . As a result, 27 radiosonde data were removed from our dataset (see Table 1 ). 110 radiosonde reports were not used for data analysis because data at 700 hPa were not recorded.
A VHF wind-profiling Doppler radar, referred to as the Equatorial Atmosphere Radar (hereafter EAR), is operated with a center frequency of 47.0 MHz. For details of the EAR, see Fukao et al. (2003) . In standard observation of the troposphere, original time and altitude resolutions of horizontal wind are~90 sec and 150 m, respectively. To compare analyzed and radiosonde winds at 700 hPa, horizontal wind observed by the EAR was averaged over 2.8 3.5 km altitudes and every 6 hours. 6-hour averaging was selected to match the time resolution of NCEP/NCAR reanalysis. Center altitude of averaging (3.15 km) was selected to match the average value of geopotential height at 700 hPa in NCEP/NCAR reanalysis. Note that changing altitude range of averaging (to 3.0 3.3 km) did not significantly change findings in this study. The EAR has been continuously operated since July 2001 except some data gaps due to power failures or system troubles.
Results and discussion
Radar and radiosonde winds were compared to examine correlation between them. To quantitatively examine amplitude relation between two winds, standard deviation, regression line, and correlation coefficient were computed. Figure 1 shows scatterplots of radar and radiosonde winds. Correlation coefficients for zonal and meridional winds were 0.87 and 0.74, respectively. Slopes of regression line for zonal and meridional winds were 1.04 and 0.75, respectively. This result indicates that radar and radiosonde winds show good agreement, and hence radar wind is able to be used as a representative of winds around 0°N, 100°E. This result also indicates that radiosonde wind at Padang well represents synoptic-scale wind. Smaller correlation coefficient in meridional wind suggests that contributions of local-scale phenomena were greater for meridional wind. Previous studies showed that radar zonal wind shows consistent change with synoptic-scale disturbances such as ISV (Seto et al. 2004; Shibagaki et al. Fig. 1 . (a) Scatterplot of radar zonal wind and radiosonde zonal wind. (b) Same as (a), except for meridional wind. 'r' is correlation coefficient, 'dev' is standard deviation of distances of data points from the regression line, and 'n' is number of data. Fig. 2 . Same as Fig. 1 except for radar wind and analyzed wind.
2006).
Analyzed wind was compared with radar wind. Figure 2 shows scatterplots of radar and analyzed winds. Correlation coefficients for zonal and meridional winds were 0.84 and 0.69, respectively. Amplitudes of analyzed zonal and meridional winds expressed in the slopes of regression line were 74 and 88% of radar wind, respectively. These results indicate that though analyzed wind is smaller than observed wind, there is a good correlation between radar and analyzed winds.
Relation between radar and analyzed winds was investigated by dividing the observation period of the EAR into the group when radiosonde observations were reported through GTS (Group A) and the group when radiosonde observations were not reported (Group B). Figure 3 shows scatterplots of radar and analyzed zonal winds in Groups A and B. Correlation coefficient in Group A (0.90) was better than that in Group B (0.79). Slope in Group A (0.82) was better than that in Group B (0.66). Standard deviation in Group A (1.58 m s 1 ) was also better than that in Group B (2.07 m s 1 ). Figure 4 shows scatterplots of radar and analyzed meridional winds in Groups A and B. Correlation coefficient in Group A (0.77) was better than that in Group B (0.63). Slope of regression line in Group A (0.96) was better than that in Group B (0.80). Standard deviation in Group A (1.25 m s 1 ) was also better than Group B (1.62 m s 1 ). These results clearly indicate that assimilating radiosonde data to NCEP/NCAR reanalysis contributes to improve quality of analyzed wind over Sumatra.
Relation between radar and analyzed winds was computed each year. Tables 2 and 3 (Tables 4 and 5 ). Negative intercept indicates that analyzed meridional wind had southward offset. To investigate that the offset found at Sumatra existed at other locations, radiosonde data around Padang (Medan (3.57°N, 98.68°E), Jakarta (6.12°S, 106.65°E), Kuching (1.48°N, 110.33°E), Singapore (1.37°N, 103.98°E), Sepang (3.10°N, 101.65°E), and Penang (5.30°N, 100.27°E)) available from NOAA/ESRL website were used to compare analyzed winds at the closest grids of radiosonde sites. Pangkal Pinang (2.17°S, 106.13°E) is also close to Padang, but radiosonde data at Pangkal Pinang were not used because number of observations during 2001 2004 was few (9 30 in each year). At all the radiosonde stations except Penang, analyzed meridional wind showed a southward offset (up to~0.5 m s 1 ) compared with observed meridional wind (not shown). Therefore southward offset found in analyzed meridional wind seems to have occurred at large scale.
Summary
In this study, 700-hPa horizontal wind over Sumatra reported through GTS for assimilation into NCEP/ NCAR reanalysis, improves wind quality of NCEP/ NCAR reanalysis. First, it is shown that radar and radiosonde winds agreed well and hence radar wind is able to be used as a representative of winds around 0°N, 100°E (Fig. 1) . It is also shown that radiosonde wind well represents synoptic-scale wind. Next, analyzed wind was compared with radar horizontal wind by computing standard deviation, regression line, and correlation coefficient. It is found that though analyzed zonal and meridional winds were smaller than observed winds (74% and 88% of radar wind, respectively), analyzed winds were well correlated with observed wind (coefficient correlations were 0.84 for zonal wind and 0.69 for meridional wind; Fig. 2) . Further, by dividing the observation period of the EAR into the group when radiosonde observations were reported through GTS (Group A) and when they were not reported (Group B), relation between radar and analyzed winds was investigated. All the correlation coefficient, standard deviation, and slope of regression line showed better values in Group A than in Group B (Figs. 3 4 , Tables 2 5) . These results indicate that assimilating radiosonde data at Padang contributes to improve wind quality of NCEP/ NCAR reanalysis over Sumatra. At other operational radiosonde sites over IMC, number of observations also showed a significant increase since 2006 (not shown). Findings in this study suggest that such increase in number of radiosonde observations since 2006 improves wind quality in objective reanalysis. Therefore continuous efforts to continue operational radiosonde observations over IMC are important to keep wind quality of objective analysis over it. In subsequent studies, analyzed winds at different heights are compared with observed winds. Comparison of winds analyzed by objective analyses is also an interesting topic, and also will be carried out as future studies. 
